The possibility of an ocean within the icy shell of Jupiter's moon Europa has established that world as a primary candidate in the search for extraterrestrial life within our Solar System. This paper evaluates the potential to detect evidence for microbial life by comparing laboratory studies of terrestrial microorganisms with measurements from the Galileo Near Infrared Imaging Spectrometer (NIMS). If the interior of Europa at one time harbored life, some evidence may remain in the surface materials. Examination of laboratory spectra of terrestrial extremophiles measured at cryogenic temperatures reveals distorted, asymmetric nearinfrared absorption features due to water of hydration. The band centers, widths, and shapes of these features closely match those observed in the Europa spectra. These features are strongest in reddish-brown, disrupted terrains such as linea and chaos regions. Narrow spectral features due to amide bonds in the microbe proteins provide a means of constraining the abundances of such materials using the NIMS data. The NIMS data of disrupted terrains exhibit distorted, asymmetric near-infrared absorption features consistent with the presence of water ice, sulfuric acid octahydrate, hydrated salts, and possibly as much as 0.2 mg cm 23 of carbonaceous material that could be of biological origin. However, inherent noise in the observations and limitations of spectral sampling must be taken into account when discussing these findings.
INTRODUCTION E
UROPA HAS BEEN IDENTIFIED as a potential host for extraterrestrial life within our Solar System. Recent work has indicated the likelihood of not only a possible subsurface ocean (Cassen et al., 1979; Pappalardo et al., 1999; Kivelson et al., 2000; Stevenson, 2000) , but also a significant complement of the biogenic elements (Pierazzo and Chyba, 2002) . It has been postulated that this ocean could have at one time harbored prebiotic compounds or even extraterrestrial life Sagan et al., 1993; Fanale et al., 1998; Chyba and Phillips, 2001; Rothschild and Mancinelli, 2001; Zolotov and Shock, 2003) .
Because the putative ocean remains inaccessible beneath Europa's icy crust, infrared remote sensing of the surface materials has been used to infer details about the interior composition. If in fact the surface composition is indicative of interior composition, studies of surface materials may provide insight into biological and prebiotic processes McCord et al., 1999a; Kargel et al., 2000) . The diagnostic spectral characteristics of specific biogenic materials may provide unique biosignatures (Schulze-Makuch et al., 2002) , which can be tested for in the search for extraterrestrial life. Infrared detection of evidence for life requires that (1) material of biological origin be emplaced at the surface; (2) identifiable infrared absorption features diagnostic of this material survive exposure to the hostile space environment; and (3) spectra of sufficient spectral resolution and signal-to-noise ratio be acquired at spatial scales capable of isolating regions containing the material of interest. This paper applies these criteria to the examination of recent spacecraft and laboratory data concerning the spectra of Europa and those of terrestrial microorganisms.
The surface of Europa is composed mostly of water ice (Pilcher et al., 1972; Clark and McCord, 1980) . More recent ground-based and spacecraft observations have indicated the presence of other materials as well. Cometary and meteoric infall are expected to provide several elemental and molecular species over the age of the Solar System, including biogenic elements (Zahnle et al., 1998; Pierazzo and Chyba, 2002) . Energetic particle bombardment associated with Jupiter's magnetosphere not only delivers elements such as H, S, and O but also drives complex chemistry that is expected to produce a number of additional compounds Lane, 1997, 1998; Cooper et al., 2001; Carlson et al., 2002) . Observed species include O 2 , SO 2 , CO 2 , and H 2 O 2 (Lane et al., 1981; Noll et al., 1995; Carlson et al., 1999a,b) . Current models suggest the presence of sulfuric acid octahydrate and other sulfur compounds , simple organics such as formaldehyde (Delitsky and Lane, 1998; Chyba, 2000) , and hydrated sulfate and carbonate salts (Kargel, 1991 (Kargel, , 1998 McCord et al., 1998 McCord et al., , 1999a McCord et al., ,b, 2002 Kargel et al., 2000) . While no single material completely explains the Galileo observations, diagnostic infrared absorption features have proven useful for constraining the abundances of several compounds (Dalton, 2000) .
Water ice and frost have well-characterized, symmetric near-infrared absorption features at 1.5 and 2.0 mm (Ockman, 1957; Herzberg, 1991; Gaffey et al., 1993) . These are evident in the Galileo Near-Infrared Imaging Spectrometer (NIMS) Europa spectrum of icy terrain in Fig. 1 (bottom curve). Other regions of the surface display distorted, asymmetric features at these positions, as indicated by the top curve. The presence of these distorted absorption features in telescopic and spacecraft observations of Europa (Clark and McCord, 1980; Dalton, 2000) forms the basis of the argument for hydrated salts on the surface (McCord et al., 1998 . These features are clearly due to water of hydration (Pauling, 1935) , though the host molecule is less certain (Gaffey et al., 1993; Carlson et al., 1999b ; Lower curve is a 26-NIMSEL average from an icy region, illustrating the broad 2.0-mm absorption feature indicating pure H 2 O ice. Upper curve is an average of 18 NIMSELS corresponding to dark, reddish-brown terrain. This curve exhibits the distorted and asymmetric 2.0-mm absorption bands typical of bound water such as water of hydration. Both averages were extracted from contiguous portions of the G1ENNHILAT01 observation (Dalton, 2000) . Overlapping data segments at every 12th wavelength position are instrumental artifacts created by stepping the grating to acquire readings at each detector; the resulting segments are compiled to create each spectrum (Carlson et al., 1992) with redundancy supplied by the overlapping wavelengths. McCord et al., 1999b McCord et al., , 2002 Dalton, 2003) . Most hydrated materials exhibit features at these positions, and the hydrated sulfate salts are only one class of minerals with these characteristics (Hunt et al., 1971; Crowley, 1991; Herzberg, 1991; Dalton, 2000) . In fact, the hydrate features in the spectra of the sulfate salts are not intrinsic to the sulfates, but rather to the bound water itself and associated hydrogen bond energy shifts (Hunt et al., 1971; Gaffey et al., 1993; Dalton and Clark, 1998; Chaban et al., 2002) . Comparison of Galileo NIMS spectra with Solid State Imager (SSI) data indicates that the hydrate absorption features are most pronounced in reddish-brown disrupted terrain units such as linea and chaos regions, and in certain impact craters McCord et al., 1998; Fanale et al., 1999 Fanale et al., , 2000 , yet virtually nonexistent in the bright plains units. This has been interpreted as evidence of a link to subsurface processes and interior composition (Kargel, 1991; Kargel et al., 2000; Spaun and Head, 2001; Zolotov and Shock, 2001; McKinnon and Shock, 2002) , though some role is probably played by exogenic processes such as ion implantation and radiolysis (Carlson et al., , 2002 Cooper et al., 2001; Paranicas et al., 2001) . The exact mechanisms of disruption and emplacement of these materials are the subject of considerable debate Spaun et al., 1998; Greenberg et al., 1999; Head and Pappalardo, 1999; Prockter and Pappalardo, 2000; Figueredo et al., 2002; Prockter et al., 2002) . The question of whether these surface units could be indicative of oceanic composition remains open. If there is no connection, then investigation of astrobiological potential at Europa will require access to the subsurface. For the purposes of this analysis, we shall assume that such a link exists. In that case, if the ocean at one time contained some form of organisms, then it may be inferred that these would be emplaced at the surface as well.
Once emplaced at the surface, any material would be subjected to the hostile space environment. Energetic charged particle bombardment, ultraviolet photolysis, dehydration, and chemical breakdown by radical species would all act to decompose exposed materials (Cooper et al., 2001; Hudson and Moore, 2001; Paranicas et al., 2001; Carlson et al., 2002) . To be detected, biological or prebiotic material would have to persist to the present. While the long-term viability of several candidate materials has been questioned (Dalton and Clark, 1998; Marion and Farren, 1999; Zolotov and Shock, 2001) , recent laboratory and theoretical work indicates that some compounds may be stable on geologic timescales (McCord et al., 2001; Carlson et al., 2002; Orlando, 2002; Pierazzo and Chyba, 2002; Mogul et al., 2003) . Because reaction rates depend strongly upon temperature, experiments must be performed at the low temperatures relevant to Europa's surface (80-130 K) . Several of the hydrated salts have been postulated to exhibit resistance to degradation over the lifetime of Europa's surface (McCord et al., 2001) , though Carlson et al. (2002) predict destruction of many sulfate compounds in less than 4,000 years. It has also been recently shown that survival rates for microorganisms and their component materials exposed to energetic particle bombardment are dependent not only on energy but also upon composition of bombarding ions . Extrapolation from room temperature experiments or experiments using particles and energies other than those present at Europa may not be appropriate. As there is presently much disagreement in the literature regarding destruction rates and survival lifetimes for complex compounds in Europa's radiation environment, further work will be needed to constrain the rates of destruction for all candidate materials.
Because the infrared spectral features of many compounds, including water ice and water of hydration, are strongly temperature-dependent, interpretation of icy satellite spectra must rely on laboratory measurements performed at or near the surface temperatures of these worlds (Fink and Sill, 1982; Gaffey et al., 1993; Grundy and Schmitt, 1998; Roush, 2001) . Of the Europa surface candidate materials that have been characterized at low temperatures thus far, the hydrated sulfur compounds provide the best available spectral matches McCord et al., 2001) to the hydrate features observed in the Europa spectra. Yet many materials have not been considered simply because they have not yet been measured (Dalton, 2002b; Jamieson and Dalton, 2002) . The most interesting candidates from an astrobiological perspective are those that are related to the occurrence of life. Meteoritic and cometary delivery of carbon over geologic time is predicted to eventually result in both inorganic (i.e., sodium carbonates, carbon dioxide, carbon monoxide) and organic (i.e., amino acids, formaldehyde) carbon compounds through a combination of endogenic and exogenic processes (Kvenvolden et al., 1970; Kargel, 1991; Lane, 1997, 1998; McCord et al., 1999a; Chyba and Phillips, 2001; Kempe and Kazmierczak, 2002) . Magnesium sulfate salts and sulfuric acid are both commonly found in terrestrial hot springs environments, which host extremophilic microorganisms (Rothschild and Mancinelli, 2001, and references therein) . If the surface deposits on Europa contain these compounds, and these compounds are derived from an interior ocean, it may be that the deposits contain other materials from the interior. If the interior once hosted life, some remnant of this life may be entrained in the surface deposits. If, in fact, the surface deposits did contain remnants of biological organisms, what would they look like today?
Microorganisms possess unique infrared spectra because of their water of hydration and biomolecular components. Their spectra contain minor contributions from the absorption of functional groups (such as amides, carboxylic acids, phosphates, and alcohols) found in proteins, lipids, nucleic acids, and carbohydrates; and major absorption contributions arising from the waters that hydrogen bond to and hydrate the biomolecules. We have measured the infrared spectra of four different biomolecules at standard temperature and pressure, and three terrestrial microorganisms at temperatures relevant to the surface of Europa. In this paper we compare these spectra with those of disrupted terrains on Europa as measured by the Galileo NIMS instrument.
Interpretation of these spacecraft observations is critically dependent upon the spectral resolution of the observations, especially when examining subtle spectral changes. Because the materials of interest are found in discrete surface units of disrupted terrain, mixing of signal from adjacent icy terrain can overwhelm the spectral influence of the target material. Thus, high spatial resolution is just as important as high spectral resolution. In addition, the signal-to-noise ratio determines the confidence levels that can be ascribed to any spectral identification. We have evaluated the spectral correlations between laboratory and observational spectra in light of these three criteria. The results of our investigation provide valuable insights into the search for life on icy satellites, and suggest methods whereby the near-infrared biosignatures of life as we know it may be used to constrain the astrobiological potential of these worlds.
MATERIALS AND METHODS
This investigation was composed of three components: (1) measurement and characterization of infrared spectra of microbes and biomolecules at varying temperatures (measurements at 80-120 K were achieved using the specialized cryogenic vacuum equipment described below); (2) assessment of the survival of the microbes after exposure to the low pressures and temperatures; and (3) comparison of the spectra with those of Europa as measured by the Galileo NIMS instrument.
Infrared characterization of microbes and biomolecules
Sample selection. Several model microorganisms and biomolecules were chosen for spectroscopic analysis. The microorganisms selected for this investigation were Deinococcus radiodurans, Sulfolobus shibatae, and Escherichia coli. D. radiodurans was chosen because of its ability to survive in low-pressure and high-radiation environments, such as those found in interplanetary space or at the surface of planetary bodies. D. radiodurans can survive desiccation and ionizing radiation of 60 Grays/h for 30 h (1,800 Grays; 1 Gray 5 1 J/kg) with no loss of viability (Mattimore and Battista, 1996; Lange et al., 1998; Fredrickson et al., 2000; Venkateswaran et al., 2000) . S. shibatae was chosen as an analog to Europan microfauna because of its sulfur-based metabolism and the expected high sulfur abundance at Europa (Kargel, 1991 (Kargel, , 1998 Fanale et al., 1999; Carlson et al., 1999b Carlson et al., , 2002 . S. shibatae thrives and can be cultured in acidic environments (Table 1 ) that contain high concentrations of sulfur and sulfur compounds, including magnesium sulfate salts and sulfuric acid (Grogan, 1989; Rothschild and Mancinelli, 2001) . Taken together, these attributes render the microorganisms as ideal candidates for spectroscopic study and comparison with Europa. As a control, E. coli was also studied in order to draw distinctions between the survival and spectral properties unique to extremophiles.
Spectra of the individual biomolecules that significantly contribute to the near-infrared absorption of the microbes were measured at room temperature in order to provide insights into the spectral characteristics of the microbes. Bovine serum albumin, calf thymus DNA, dextrin, and L-a-phosphatidylcholine dipalmitoyl were cho-sen to act as model protein, nucleic acid, carbohydrate, and lipid samples, respectively.
Spectrometer system. All laboratory spectra were acquired using an Analytical Spectral Devices (ASD) portable field spectrometer. This device covers the visible and near-infrared spectral range from 0.35 to 2.5 mm. The visible and near-infrared portion of the spectral range (up to 1 mm) utilizes a silicon detector with a spectral sampling of 1.4 nm and a resolution of 6 nm. The remainder of the spectral range is covered by a pair of indium antimonide (InSb) detectors with spectral sampling of 2 nm and resolution of 11 nm (Goetz et al., 1998) . The ASD spectrometer was programmed to average 100 measurements, each having a 1-s integration time, together for each spectrum; after checking for consistency, five such spectra acquired at each temperature were averaged to produce the results presented here. This corresponds to an integration time of 500 s per observation.
Cryogenic environment chambers. Two different cryogenic systems were utilized in this investigation. One system, the Outer Solar System Environment Chamber (OSSEC), resides at the U.S. Geological Survey in Denver, CO; the other is the NASA Ames Cryogenic Reflectance Environment Facility (NACREF) in Mountain View, CA. Though they differ in terms of cooling capability and methods, they are similar in other respects. Both use sapphire (Al 2 O 3 ) viewports to illuminate and to measure the sample; both use stainless steel sample cups to minimize spectral contributions from the equipment. Both use silicon diode temperature probes for process monitoring, and both can be sealed and operated either in vacuum mode or with a dry nitrogen atmosphere for fragile samples. Both are initially evacuated using rotary and sorption pumps, but the OSSEC utilizes an ion pump to achieve high vacuum, while the NACREF is outfitted with a turbomolecular pump.
The OSSEC is cooled by means of a coldfinger attached to the sample holder, which extends into a liquid nitrogen bath directly below the sealed sample chamber. The sample temperature is controlled by the addition or removal of liquid nitrogen. In practice, the OSSEC reliably achieves temperatures as low as 80 K. The NACREF features a closed-loop helium cryostat and compressor to cool the samples. The temperature diode readings are read by a programmable temperature controller, which adjusts the temperature by means of a resistive heater embedded in the sample holder. While temperature readings for both systems are good to within 1 K, the NACREF provides reliable and convenient temperature control, and can reach temperatures as low as 20 K.
The incidence and emission angles for both systems are constrained by the viewport positions. The OSSEC chamber is fixed at 5°for both incidence and emission, resulting in a phase angle of 10°. The NACREF can be set for either normal incidence and emission, or normal incidence and 15°emission and phase. The latter was used for the measurements in this paper. The OSSEC is illuminated by a 100 W tungsten halogen lamp with a Samlex regulated DC power supply. The NACREF uses a regulated Dolan-Jenner fiber optic power supply and a custom tungsten-halogen lamp. To prevent undesirable spectral effects of dichroic reflector coatings commonly used in the manufacture of such lamps, the reflector housings in our lamps have been coated with a 2.75-mm aluminum film. Light is collected at the sapphire viewports for both chambers by a low-OH The three buffer solutions are combined in the prescribed ratios with sucrose, yeast extract, and sulfuric acid; then deionized water is added to make up 11 of solution having a pH of ~2.3. Note the inclusion of ammonium and magnesium sulfates, and sulfuric acid, compounds predicted to occur on Europa.
silica fiber optic, which is standard to the ASD spectrometer.
Sample preparation. Powdered samples of the four representative biomolecules were acquired from reagent-grade stock and weighed under ambient laboratory conditions. Approximately 2 cm 3 of each sample was placed in a steel sample cup and measured using the ASD spectrometer and fiber-optic illuminator at room temperature with Spectralon ® (Labsphere, Inc.) as the reference standard.
Cultures of D. radiodurans (ATCC #51178), S. shibatae (ATCC #13939), and E. coli strain W1485 were grown at NASA Ames Research Center. D. radiodurans was cultured in a TGY liquid medium (5 g of Tryptone, 3 g of yeast extract, and 1 g of glucose per 1 l) and incubated at 30°C to mid-log phase. S. shibatae was aerobically grown in the medium described in Table 1 at 76°C up to late log phase for about 4 days. E. coli was aerobically grown at 37°C in LB medium (1% Bacto-tryptone, 0.5% Bacto-yeast extract, and 1% sodium chloride) for 18 h. Samples of each were centrifuged to produce ,1 ml of densely packed cells and frozen in a 280°C freezer.
Microbial samples were transported on dry ice to the OSSEC facility in Denver. Samples were slowly thawed in a water ice bath and placed in the OSSEC under a dry nitrogen atmosphere. The chamber was purged with nitrogen, then sealed and rapidly cooled to 250 K, and then evacuated to 10 24 Torr. Spectra of each sample were acquired with the ASD at 20 K intervals from 200 to 100 K. Spectra of the S. shibatae growth medium (Table 1) were also measured for comparison. The growth medium was virtually indistinguishable from pure water ice, and therefore not a contributor to the asymmetric absorption features considered below. After each series of spectral measurements, the chamber was allowed to warm to 250 K, then pressurized to 1 atm with nitrogen. Still frozen, the samples were removed from the chamber, transferred to sealed vials, and placed on dry ice for the return to NASA Ames.
Complications were encountered during spectral measurements because of migration of water from between the cells to the tops of the samples. The formation of water frost introduced spectral features that obscured the spectral signal of the samples. Warming the sample up to 230-250 K under vacuum efficiently removed this water; however, the D. radiodurans sample was accidentally dehydrated during this procedure. As a result, the infrared absorption features arising from water of hydration in the D. radiodurans were significantly reduced. The measurement was later repeated using the NACREF and a new sample of D. radiodurans. The same procedures were followed, except that spectra were acquired every 10 K, and after spectra were acquired at 80 K the sample was cooled to 20 K. Improved purging of the NACREF chamber with nitrogen and the more rapid cooling of the sample prevented frost migration and eliminated the need to warm the sample after vacuum was established. Upon removal from the chamber, the sample was rapidly frozen in liquid nitrogen and placed in the 280°C freezer to await survivability assessment.
Low temperature survivability
After exposure to temperatures and pressures corresponding to the polar latitudes of Europa, all three samples were cultured to evaluate survival rates. Frozen cell pellets of D. radiodurans and E. coli were resuspended in phosphatebuffered solution, and the cell numbers were directly counted under a light microscope using a hemocytometer. D. radiodurans cells were plated on TGY agar plates (TGY medium with 15 g of agar/l) and incubated at 30°C for 3 days. E. coli was spread on MacConkey's medium plates and incubated at 37°C for 18 h. Colonies appearing after incubation were counted to calculate survival rates. Approximately 0.1 g of frozen S. shibatae cells were inoculated in 100 ml of medium and aerobically incubated at 76°C for 3 days. After the cell number was counted, the culture was diluted at 1:100, 1:50, and 1:10 with fresh medium and incubated for 2 days. Only the 1:10 dilution showed growth; the cell number was counted to calculate the survival rate. Contamination issues were resolved separately for each strain: The S. shibatae culture was grown in its acidic medium at high temperature; D. radiodurans was identified by its specific reddish-pink colonies; and E. coli was selectively grown on MacConkey's plates, which contain bile salts to inhibit the growth of most environmental contaminants (Grogan, 1989) .
Survival rates were calculated separately for the D. radiodurans measured at the NACREF. Results from the first set of experiments indicated that most of the cells from all three samples had been killed in the thawing and refreezing phases, not in the subjection to Europa-like conditions. The second D. radiodurans experiment did not involve long-distance transport or repeated freezing and thawing cycles. The results of this second experiment indicated much higher survival rates.
Processing of laboratory and spacecraft data
All room temperature and NACREF spectra were acquired using Spectralon as the reference material, while all measurements with the OSSEC used Halon ® (Allied Chemical) as the reference; the influences of minor spectral variations in the reference materials were corrected using National Bureau of Standards measurements for Spectralon and Halon. Because of the long integration times and high signal inherent in the laboratory measurements, the error bars of the resultant spectra are too small to be clearly visible in the figures, and are therefore omitted for clarity.
All laboratory spectra were processed using the SpecPr program (Clark, 1993) and da Vinci spectral math engine. Vertical offsets at 1.0 and 1.82 mm due to differences in gain states of the ASD spectrometer detector electronics were removed by linear multiplicative scaling. This procedure preserves relative band shapes and depths at the expense of absolute reflectance levels.
Infrared spectra of Europa were obtained by the Galileo NIMS instrument from 0.7 to 5.2 mm at a spectral resolution of 12.5-25 nm and sampling interval of 12 nm (Carlson et al., 1992) . The NIMS observations (denoted G1ENNHILAT and E11ENCYCLOD) used in this paper are available to the public and have not had any additional corrections or recalibrations beyond the standard procedures applied by the Galileo NIMS Team. These data were downloaded with 228 wavelength channels. The G1ENHILAT observation was acquired with nominal spatial resolution of 77 km/pixel, while E11ENCYCLOD was at 8.4 km/pixel. Twenty-six spectra of icy terrain and 18 spectra of dark terrain in the G1ENNHILAT data were averaged together using SpecPr to improve signal-to-noise characteristics. Averages of 21 and 72 spectra from dark terrain, and 160 spectra from icy terrain, in the E11ENCYCLOD observation were created to compare the spectral features in the two terrain types. It should be noted that the 72-and 160-spectra averages were extracted from a version of the cube that had not been reprojected to remove spatial distortions: This reprojection procedure may reduce spectral contrast due to spatial averaging of different spectral units. This will be considered in the Discussion. Offsets between NIMS detectors were removed by the same linear multiplicative scaling applied to the ASD spectra (Dalton, 2000) .
To facilitate comparison, laboratory spectra were convolved to the lower spectral resolution and bandpass of the Galileo NIMS instrument using the Gaussian convolution routine in the SpecPr package. Absorption band centers and depths were calculated using standard continuum removal methods (Clark and Roush, 1984) to eliminate interference from other absorption features in each spectrum, and to remove dependence on the wavelength positions of the different spectrometer channels.
RESULTS

Cryogenic spectra of microbe samples
The reasoning underlying this study of the cryogenic spectra of microorganisms involved the water of hydration bands in the Europa spectra. While these spectral features are due to water, this water must be in a bound state, which constrains the permitted vibrational transitions and gives rise to the distorted and asymmetric features. The difference between spectra of water ice and hydrated material is clearly demonstrated in Fig. 1 , where the unmistakable water ice features in the icy terrain are markedly different in the spectra from the disrupted terrain. The fact that these disrupted terrains are generally reddish-brown is also of note. While this reddish tone can be produced by iron and iron oxides, there are strong absorption features near 0.8-1 mm in the spectrum of iron, which are not seen on Europa. Complex sulfur polymers could give rise to similar coloration (Carlson et al., , 2002 , but the precise nature of these polymers has not yet been determined. Hydrated salts cannot explain the coloration, because they are white.
An alternative explanation is the pigmentation that is found in many microorganisms. Microorganisms also contain significant amounts of water, much of it as water of hydration. Sulfurmetabolizing microbes such as S. shibatae contain sulfur compounds as well, including sulfates. Although the spectra of microbial samples measured at room temperature contain water and water of hydration absorption features, these are at the wrong wavelength positions because they arise from liquid water. However, at low tem-peratures these shift to longer wavelengths. Again, the question becomes, if microorganisms were emplaced at the surface of Europa, what would they look like?
The spectra of S. shibatae, D. radiodurans, and E. coli at 120 K are displayed in Fig. 2 . The strongest absorption features are those due to water of hydration near 1.0, 1.25, 1.5, and 2.0 mm. These exhibit the characteristic asymmetry seen in the spectra of dark terrain on Europa. Shortward of 0.8 mm, the spectra of all three drop off toward the visible, which is to be expected because of their reddish-brown coloration. Finer structure is also apparent in these spectra, which are shown here at the full resolution of the ASD instrument. Not all of this fine structure would be apparent at NIMS resolution. A wide absorption is discernible at 2.3 mm that is caused by the C-H stretching mode common to spectra of many organic compounds (Colthup et al., 1990) . The most important differences from the hydrate features in the Europa spectra are the narrow features at 2.05 and 2.17 mm. These arise from amide bonds within the peptide linkages of the cellular proteins ( Fig. 3) : The 2.05-mm amide feature is a combination of the fundamental N-H vibration with a C-N-H bending mode; the 2.17-mm feature is a combination of the N-H fundamental with a C-N stretching mode (Gaffey et al., 1993) .
The spectral characteristics of E. coli are not markedly different from those of the extremophiles. Arising as they do from the same sorts of bonds in the same sorts of compounds, this is not surprising. This suggests that carbon-based microbes will look quite similar in the near-infrared despite major changes in functionality and hardiness. While relative strengths and depths of individual absorption features may vary, the features themselves remain the same. It may be inferred that extraterrestrial microorganisms could bear strong resemblance to the ones presented here.
Infrared behavior of cell constituents
A better understanding of the sources of these infrared features can be gained from examining spectra of individual cellular components. Figure  4 contains representative spectra of the four spectrally dominant materials other than water itself: protein, nucleic acids, carbohydrates, and lipids. These were all measured at room temperature with the ASD spectrometer. All four materials are influenced by water, particularly just short of 2.0 mm but also near 1.5 mm. The 1.25-and 1.0-mm water absorptions are weaker and are not easily distinguished in all of the spectra. Some of this water is simply adsorbed on the powdered samples. The 1.5-mm water complex in the protein and lipid spectra comprises at least three narrow combination bands (Pauling, 1935) , which tend to interact more closely in pure water (and ice) to create the broad 1.5-mm feature seen in the icy Europa spectrum of Fig. 1 . The diagnostic C-H absorption at 2.3 mm is quite strong in the lipid spectrum and can also be identified in the protein and carbohydrate spectra, as expected.
Spectral comparison of Europa candidate materials
The spectra of the primary Europa surface material candidates are shown in Fig. 5 along with representative spectra of S. shibatae. All of these spectra were measured at 120 K and convolved to the Galileo NIMS wavelengths and resolution corresponding to the G1ENNHILAT observation (bottom curve). Much of the structure evident in the laboratory spectra is subdued at this resolution. The spectrum of sulfuric acid octahydrate is taken from Carlson et al. (1999b) . The spectra of bloedite [Na 2 Mg(SO 4 ) 2 ?4H 2 O] and hexahydrite (MgSO 4 ?6H 2 O) were taken from Dalton (2000) . Based on room temperature measurements, McCord et al. (1998) suggested that bloedite and hexahydrite may together make up as much as 65% of the surface composition in the disrupted terrains. Carlson et al. (1999b) proposed instead that sulfuric acid octahydrate is the dominant surface component. All four materials exhibit distorted and asymmetric absorption features due to water of hydration near 1.0, 1.25, 1.5, and 2.0 mm. In the Europa spectrum, the band centers are located at 1.01, 1.23, 1.48, and 1.95 mm (dotted lines). In hexahydrite, all except the 2.0-mm feature fall shortward of these positions. Bloedite Octahydrate spectrum is from Carlson et al. (1999b) and was measured at 140 K. Bloedite and hexahydrite spectra (measured at 120 K) are from Dalton (2000) . The Galileo NIMS spectrum of Europa is the same as in Fig. 1 . All spectra are convolved to the NIMS wavelength set with overlapping wavelength positions deleted for clarity. provides a better match for the first three bands, but the 2.0-mm feature is centered at a slightly longer wavelength. Sulfuric acid octahydrate matches well at 1.25 and 1.5 mm (no data were available below 1.0 mm), but the 2.0-mm absorption occurs at a longer wavelength, as in the salts. Some of these wavelength discrepancies and changes in band shape may be attributable to radiation damage (Nash and Fanale, 1977) , reducing the importance of exact matches. Still, it is interesting to note that the first three absorption band centers of S. shibatae fall slightly longward of the Europa positions, but with smaller displacements than are observed in the hydrated salts. The 2.0-mm band center in the S. shibatae spectrum matches the Europa position exactly. Each measured spectrum also displays features not observed in the Europa spectrum. Hexahydrite and bloedite both exhibit additional bands within the 1.5-mm complex, some of which are due to separation of combination bands at low temperatures. Hexahydrite has a weak band at 2.2 mm, while bloedite has a stronger one at 2.1 mm. Sulfuric acid octahydrate does not exhibit any additional strong absorption features, though it and the salts all have a cation-OH stretching feature at 1.35 mm, which is discernible at NIMS resolution (Dalton and Clark, 1999) . Three features not apparent in the Europa spectrum of Fig.  5 are displayed by all three microbial samples, as represented by S. shibatae: the amide absorption features at 2.05 and 2.17 mm, and the C-H stretch at 2.3 mm.
Because the relative depths, widths, shapes, and positions of the 1.0-, 1.25-, and 1.5-mm features in the Europa spectrum can all be reproduced individually using only water ice of varying grain sizes Dalton, 2000) , the 2.0-mm absorption feature was used as a diagnostic signal. To highlight this information, the standard continuum removal method of Clark and Roush (1984) was applied to each of the laboratory spectra and to the observed spectrum from Fig. 5 . This reduces interference from continuum absorption and transitions outside the wavelength range of interest. The resulting continuum-removed spectra are plotted in Fig. 6 , with vertical offsets applied for visibility. The correspondence between the band shapes, widths, depths, and centers in the laboratory and observational spectra can be ascertained more readily this way. Viewed in isolation, the 2.0-mm absorption band complex reveals a number of diagnostic characteristics. The band center in the Europa spectrum at 1.95 mm (dotted line, a) is most closely matched by the S. shibatae spectrum, while the three hydrate spectra are slightly longer in wavelength, indicating a lower vibrational frequency than that observed at Europa. The additional absorption features at 2.1 mm in bloedite and 2.2 mm in hexahydrite are not evident in the Europa spectrum, though a decrease at 2.2 mm in the Europa spectrum may be significant. However, this slight decrease is only two channels wide, and may therefore be due to noise. The hexahydrite feature is much wider: six channels at the resolution of the NIMS observation.
More telling perhaps would be evidence of the amide features at 2.05 and 2.17 mm (dotted lines, b and c). The feature at 2.05 mm appears to correspond to a similar feature in the Europa spectrum. Though close to the noise level of the observations, this 3% band depth feature (see Table  2 ) is 80 nm (six channels) wide. A slight inflection at 2.17 mm is barely discernible in the NIMS observation. This absorption feature has a band depth of 5% and a width of 120 nm (nine channels), which should make it easier to detect. Unfortunately, the short wavelength edge of this feature overlaps with a gap between detectors in the NIMS instrument. At such positions (note the closely spaced data points near 1.84 and 2.12 mm) the absolute reflectance cannot be determined precisely because the NIMS detectors switch from one grating step to the next, introducing a gain shift that is difficult to accurately compensate (Carlson et al., 1992; McCord et al., 1999b) . This renders any identification suspect. A more robust identification could be performed with higher spectral resolution and signal levels. Despite these uncertainties, the wavelength positions of the apparent features, and of the 2.0-mm feature itself, align remarkably well with those of the S. shibatae measured at 120 K. Within the limits of noise and spectral resolution discussed below, the shape of the 2.0-mm band complex in Fig. 6 comes close to what one might expect to see if microorganisms were in fact trapped near the surface in the disrupted, reddish terrain of Europa.
Search for infrared biosignatures on Europa
To date, examination of the Galileo NIMS and SSI data has produced few examples of this biosignature (Dalton, 2002a) . The modest spectral and spatial resolution of the NIMS data makes it difficult to locate spectra derived primarily from strongly hydrated material and exhibiting sufficient signal to identify these subtle absorptions. Because the wavelengths are not identical in all NIMS observations, the NIMS channels are not always ideally situated for identifying narrow features.
One observation that may represent potential evidence for biosignatures is the E11ENCY-CLOD01 image cube described earlier. A falsecolor image in Fig. 7 depicts the NIMS observation overlaid on an SSI mosaic. The SSI image has a spatial resolution ranging from 300 to 220 m/pixel. The much larger NIMS pixels (8.4 km nominal) have not been smoothed or averaged in any way. While the instantaneous spatial profile is not square, the effective field of view is (R. Carlson, personal communication, 2003) , so these raw pixels give a reasonable indication of the location on the surface being sampled. Each pixel represents a single spectrum ("NIMSEL") corresponding to that location. In the false-color image, blue indicates icy spectral behavior in the 2.0-mm region, while red corresponds to the highly asym- All values were calculated using the methods of Clark and Roush (1984) . Band centers are for continuum-corrected spectra. The band depth is defined as the ratio of the reflectance at the band center position divided by the reflectance of the fitted continuum at the same wavelength. Widths are FWHM by the same method. metric absorption features associated with hydrated material. This hydrated material is strongly correlated with the linea and some of the dark spots in the image. Few areas are composed of pure water ice. Spectra were extracted from various regions within the image cube and examined for evidence of 2.05-mm features. Where possible, spectra from contiguous regions were averaged together to improve signal-to-noise ratios. This was complicated by the high degree of spatial heterogeneity at small scales on Europa: Even at 220-m resolution, features can be discerned in the SSI image that are smaller or narrower than the SSI pixels, so finding homogeneous areas the size of the NIMSELS proved challenging. For example, the central stripes of linea tend to be composed of icier material than the margins, so linea spectra typically have an icy component to them. In the end, many of the spectral averages were partly contaminated by water ice due to subpixel-scale mixing.
One area of 21 contiguous NIMSELS (green, Fig. 7 ) proved interesting. The averaged spectrum is shown in Fig. 8 (green curve) . This spectrum is dominated by the asymmetric 2.0-mm hydrate feature. An apparent feature at 2.05 mm takes up several channels, and there is a slight indentation at 2.17 mm as well. Because the reprojection process involves some spectral averaging, it may reduce both spectral contrast and variations in signal, resulting in weaker features but smaller noise levels. It may also introduce spurious features that typically arise from a single-channel noise spike being averaged into neighboring spectra. Spectral contrast may be reduced when a spectrum having a specific absorption feature is averaged with a spectrum in which that feature is absent. An average of 21 spectra is less likely to have spurious features, but given the noise levels of the NIMS spectra, such an average is still suspect.
The unprojected image cube is shown at the top of Fig. 7 . Spacecraft motion and viewing geometries produce considerable spatial "smear" in the observation, but the spectra are more representative of surface material than those from the reprojected cube. Major surface features including the intersecting linea can still be distinguished in the unprojected cube. Because there is not a one-to-one correspondence between pixels in the projected and unprojected cubes, no set of NIMSELS in the unprojected cube was able to reproduce the spectrum just described. Where the desired spectral features were present, noise in other parts of the spectrum made interpretation difficult. However, examining other parts of the cube revealed similar features in the other linea. The southeastern linea is covered by more NIMSELS and, in particular, is more than one NIMSEL wide along much of its length. This allows a larger number of samples of non-water ice terrain. As demonstrated in McCord et al. (1999b) , the capabilities of the NIMS instrument, combined with the spatial heterogeneity and high radiation environment at Europa, necessitate spectral averaging of carefully inspected NIMSELS in order to produce spectra that accurately reflect the surface constituents of interest. Following their method, 72 NIMSELS (indicated in red, Fig.  7 ) were selected and averaged in Fig. 8 . Some NIMSELS contained noise spikes within the wavelength range of interest and were discarded (black pixels, Fig. 7) . In order to compare the spectra of the heavily hydrated linea material with the more icy background plains, a separate average was made using 160 NIMSELS (blue pixels) located between the major linea. While some disrupted areas and narrow linea traverse these plains, NIMSELS showing strong features of hydration were omitted along with those having strong noise spikes (black pixels).
No offset, smoothing, or scaling has been applied to the spectral averages in Fig. 8 . Overlapping wavelengths at the spectrometer grating steps have been retained. All error bars indicate 1-s levels of standard deviation of the mean. The different amplitudes of error estimates for the 21-versus the 72-and 160-NIMSEL averages reflect additional processing of the data in the reprojection method. The 2.05-mm absorption feature is somewhat weaker in the 72-NIMSEL average than in the 21-NIMSEL average (2.5% of reflectance as opposed to 3%, Table 2), and does not appear to be quite as broad. Of course, this is a difference of only two channels, but when dealing with this few channels it affects the conclusions that can be drawn. Similarly, the 2.17-mm absorption feature, if present, can only occupy a few channels. The 72-and 21-NIMSEL averages both have an apparent feature at this location, except that one channel is high (,2.19 mm) compared with its neighbors. This would seem to argue against an identification based on this feature. If this single channel were high because of random noise, then neighboring channels should not be affected. On the other hand, the ap- Fig. 8 . Blue, 160-NIMSEL average of icy plains units; red, 72 NIMSELS of dark linea material; black, NIMSELS having large noise spikes in the 2.0-mm range, which have been dropped from the average. Bottom: NIMS E11ENCY-CLOD observation in Mercator projection, overlaid on the Galileo SSI image to illustrate locations of dark, disrupted surface material. Twenty-one NIMSELS extracted from dark linea terrain in the projected image have been averaged in Fig. 8 
FIG. 8. Averaged spectra from observation E11ENCY-CLOD01 showing potential evidence of biological material in disrupted terrain.
A feature corresponding to the 2.05-mm amide absorption is apparent in the two spectra from the dark linea in Fig. 7 (red and green curves). The blue curve, an average of 160 spectra from the area between the linea, has a more symmetric 2.0-mm absorption band and no evidence of features at 2.05 and 2.17 mm. A few channels are low at 2.17 mm in the dark terrain curves, but one channel is high (at 2.19 mm) making confident assignment of this feature difficult.
pearance of the same spectral behavior over several channels in both averages might indicate a systematic effect, possibly due to instrument characteristics. Yet both averages are from different locations in the observation; and the 160-NIMSEL average shows no such feature. In fact, the 160-NIMSEL average does not exhibit evidence of either feature, which suggests that these features may be linked to geographic units after all. Although it was collected over primarily icy terrain, the 160-NIMSEL average does exhibit some asymmetry in the 2.0-mm absorption feature, and therefore some hydrated material is present. However, the 2.05-and 2.17-mm absorptions are not apparent in the 160-NIMSEL average, consistent with a predominantly icy surface. Examination of spectra throughout the E11ENCYC-LOD01, E6ENSUCOMP02, and E4ENSUCOMP03 NIMS observations did not identify evidence of these features, although regions of highly hydrated material were studied. This indicates that the 2.05-and 2.17-mm absorptions are not found in all of the dark, disrupted, hydrated terrain. This is not surprising, since the material giving rise to this spectral signature may not be homogeneously distributed. Just as the dark material appears darker and more concentrated in some areas, there may be processes acting to concentrate other constituents within the dark terrains.
Survival of organisms subjected to extreme cold
The ability of microorganisms to survive exposure to extreme conditions has implications not just for Europa but for the search for life in the Universe itself, particularly as it relates to the hypothesis of panspermia. Survival and even metabolic activity have been quantified at subzero temperatures, and certain cells have been found to survive temperatures approaching absolute zero (Mazur, 1980; Rivkina et al., 2000) . Indeed, storage of frozen and freeze-dried microorganisms is a standard practice in microbiology research (Hay, 1978; Freshney, 2000) .
Culturing of our samples after exposure to Europan temperatures during cryogenic spectroscopic measurements revealed viable microorganisms in each sample, as determined by the limiting dilution method described in the previous section. The S. shibatae proved to be the most fragile, with a survival of 1 cell out of a culture containing between 4.6 3 10 9 and 9.2 3 10 8 total cells (2.2 3 10 210 and 1.1 3 10 29 living cells/total cells). The hardiest of the three was D. radiodurans, with a survival of 5 3 10 22 living cells/ total cells. E. coli, although not considered an extremophile, had a survival rate of 3.4 3 10 28 living cells/total cells, one order of magnitude higher than that of S. shibatae. Control samples of D. radiodurans and E. coli, which had been identically stored but not spectrally analyzed, were also measured for survivability. Respective survival rates for these samples were 5 3 10 22 and 4.7 3 10 28 living cells/total cells. This indicated that cell death occurred primarily because of the freezing and thawing that occurred during sample preparation and not because of the extremely cold temperatures of the experiment. Survival of D. radiodurans analyzed by the NACREF was also measured at temperatures relevant not only to Europa (120 K) but also interstellar space (20 K). Two aliquots were removed after exposure to the extreme conditions, cultured, and measured for survivability. An average survival of 71% was achieved after exposure to temperatures and pressures similar to those encountered in interstellar space. Because D. radiodurans is known for its robust nature, this may not be surprising. The two major points to be made here are (1) that survival rates were nonnegligible for even the extreme cold of interstellar space and (2) that even E. coli, which is not particularly well adapted to such harsh conditions, exhibited some resistance to destruction by repeated thawing and freezing to extreme temperatures. These results have important implications for the survival of microorganisms at Europa and in space.
DISCUSSION
The application of cryogenic spectra to the analysis of remotely sensed spectra of icy satellites provides unique insights into planetary processes. For this study, the comparison of Galileo NIMS spectra with the spectra of extremophilic microorganisms measured in the laboratory has implications for the interpretation of the Galileo data. Several effects must be taken into account when interpreting these results, including the intense radiation environment and its effects on the survival of not just microorganisms, but of any organic matter. Additional work will be needed to resolve some of these issues.
Comparison of Galileo and laboratory spectra
The low-temperature spectra of microbial samples in Figs. 2 and 5 display all of the pertinent features of hydrates. The primary water features near 1.0, 1.25, 1.5, and 2.0 mm are extremely similar to those seen in the NIMS Europa spectra. This in itself is not sufficient to claim an identification, since other materials may also display similar spectral effects. The hydrated materials in Fig. 5 also have hydrate features at these positions. The overall slopes of the spectra tend to match fairly well, although the slope for the sulfuric acid octahydrate is somewhat too steep. The band center positions for the microbe specimens as represented by S. shibatae in Fig. 5 are also much better matches to the Europa spectrum. This is significant because the wavenumber of an absorption is directly proportional to the energy difference between molecular states, and the energies of these states is proportional to the vibrational frequency of the molecule. If the vibrational frequency does not match the observational evidence, then the molecular bond lengths, bond strengths, and component atoms cannot be identical. It may be possible to reproduce some of these observed band shifts in the laboratory through charged particle irradiation effects, which alter the chemical and physical properties of the candidate materials. While the relative depths of many bands are closer to the Europa proportions in the microbe spectrum, this is not as important as band center position because relative depths can be strongly influenced by particle grain size effects, scattering from grain boundaries, and mixture proportions. These effects can be difficult to duplicate in the laboratory. Much more telling is the reduction in reflected intensity shortward of 1 mm in the Europa and S. shibatae spectra. This drop off is not present in the hydrated salts (Hunt et al., 1971; Crowley, 1991) , but is evident in the spectra of all three microorganism samples (Fig. 2) . One additional consideration is the visible reflectance: D. radiodurans, E. coli, and S. shibatae were selected for this experiment partly because of their reddish-brown coloration, which is similar to that seen on Europa. All of the postulated hydrated salts and acids are white. Even so, this does not eliminate them from consideration, as it may yet be possible to reproduce the observed coloration through irradiation of hydrated sulfur compounds. Further work will be necessary to investigate this possibility.
Examination of the continuum-removed spectra in Figs. 9 and 10 clarifies the types of spectral behavior that would characterize the biosignatures of entrained microorganisms at the surface of an icy satellite. The asymmetric 2.0-mm absorption feature dominates the spectra of all three microorganisms, and the two spectra of reddish, disrupted terrain on Europa. There is also some asymmetry in the 160-NIMSEL average of spectra from the "icy" plains in the NIMS observation, which indicates the presence of some hydrated material in spectra making up the average (Fig. 7) . The 2.05-and 2.17-mm amide features in the microbe spectra (Fig. 9 ) vary in their relative intensities. Again, this can be because of scattering from water crystals, changes in ice grain sizes, or differences in cell composition and/or constituent concentrations. Each of these is difficult to control. Note that while the 2.17-mm feature is much weaker than the 2.05-mm feature in the S. shibatae spectrum, the opposite is the case in the D. radiodurans spectrum. Both bands appear to have similar strengths in the E. coli spectrum. While the depth of the 2.17-mm feature ranges from 1.7% to 5.2% of the continuum level within the 2.0-mm complex, the 2.05-mm feature ranges between 1.4% and 6.9%. Both are weakest in the E. coli spectrum. The relative depths of these bands with respect to each other can thus vary significantly in terrestrial microorganisms and can therefore be expected to do so in extraterrestrial microorganisms as well. More work should be done to quantify these variations and their causes. At present, it would appear that the occurrence of these bands in concert with the 2.0-mm hydrate feature could be construed as a possible biosignature. The shapes of the continuum-corrected NIMS spectra in Fig. 10 are suggestive of a 2.05-mm feature and possibly a 2.17-mm feature. As these features are superposed upon the 2.0-mm band complex, the continuum-removed spectra clarify their relative contribution. There is clearly no evidence for either feature in the icy terrain spectrum, even though it shows the influence of hydrates. The band depth of the 2.05-mm feature in the 21-NIM-SEL average is 6.3%, while only 2.6% in the 72-NIMSEL average (Table 2 ). The weaker signal in the 72-NIMSEL average could be due to component spectra that do not exhibit the feature (i.e., hydrated material that does not contain amides). The evidence for a 2.17-mm feature is even weaker, particularly with the high channel at 2.19 mm. The apparent depth of this feature is ,2%, though slightly higher (2.4%) in the 72-NIMSEL spectrum. If the 2.19-mm channel is anomalously high, this depth could be much greater, but such estimates are highly speculative.
The high radiation environment at Europa makes interpretation of narrow spectral features particularly challenging. A single radiation hit on a detector may manifest itself as a single channel spike, often as far as five times the calculated variance of the neighboring channels, but frequently much smaller and occasionally well within the variance. For this reason, spectral averaging of neighboring pixels has been used (McCord et al., 1998 (McCord et al., , 1999b Dalton, 2000) to boost signal levels. As described earlier, this can be troublesome for two reasons. First, neighboring pixels may not be representative of the material in the original pixel; the high degree of spatial heterogeneity at small scales on Europa becomes critical. Second, spectral averaging can alter feature strengths. A noise spike may propagate into spectral averages and create apparent features that are not there, or, alternatively, a feature may be averaged away by the influence of pixels where it is either not present or is obscured by random noise.
Although some pixels with obvious noise spikes outside the 3s level were omitted from the spectral averages (black pixels in Fig. 7) , some selection effects may remain. The spectral average from the projected E11 NIMS cube may suffer from errors introduced in the projection process. Artifacts of the instrument and instrument calibration may obscure the spectral signal. The large number of pixels in the unprojected averages (72 and 160) combined with the presence of the apparent features in both 72-and 21-NIMSEL averages would argue against purely random noise. Likewise, the similar shapes of the apparent 2.17-mm feature in both averages yet its absence from the 160-NIMSEL "icy" average would seem to argue against a systematic error.
Given the low apparent strength of these features and the high noise levels, we cannot confidently interpret them as evidence of life on Europa. In particular, the fact that these features are so narrow, coupled with their placement within the much stronger hydrate absorption feature, makes their detection and verification challenging at the sampling and bandpass of the NIMS Europa observations. The 2.05-mm amide feature has a full width at half-maximum (FWHM) of between 30 and 45 nm in the microbial samples, while the 2.17-mm feature has a FWHM from 46 to 53 nm. To reliably detect these features even under low noise conditions would require sampling of at least 10 nm, which would place only five channels across their FWHM. Given the high radiation environment at Europa, 2-5 nm sampling is needed to significantly increase the potential for robust discrimination of these biosignatures against the background continuum.
Radiation survival of biological material
The radiation environment at Europa also poses specific challenges not just to the detection of life, but to the survival of the very compounds that make up most biological matter. Bombardment of the surface by energetic particles entrained within the Jovian magnetosphere drives a number of physical and chemical processes that are detrimental to the persistence of complex molecules. Ironically, the radiolysis driven by particle bombardment has also been invoked as a method to produce compounds that could be used as energy sources by potential Europan life forms (Chyba and Phillips, 2001; Borucki et al., 2002) . The heavy-ion and proton bombardment flux is calculated to be between 10 8 and 10 10 particles/(cm 2 s) (Ip et al., 1998; Cooper et al., 2001) . The bulk of the energetic deposition occurs in the form of electrons with energies in the 2-700 keV range with a mean energy near 350 keV (Cooper et al., 2001) . These electrons interact with the surface water ice to produce H and OH radicals, as well as highly reactive species including O, O 2 , and HO 2 (Hochanadel, 1960; Johnson and Quickenden, 1997; Carlson et al., 2002) . Other elements delivered via the magnetospheric particle flux include presumably Iogenic sulfur, sodium, potassium, and chlorine (Carlson et al., , 2002 Cooper et al., 2001; Paranicas et al., 2001) . Complex interactions among the incident particles, their secondary radiolysis products, and the surface produce a number of derivative products (Moore, 1984; Lane, 1997, 1998; Carlson et al., 1999a Carlson et al., ,b, 2002 .
Organic matter and/or microorganisms exposed to this particle flux are expected to be broken down over geologic timescales. Earlier it was mentioned that D. radiodurans can survive exposures of up to 1,800 Grays; this corresponds to less than a 3-day exposure at 1 mm depth on Europa's surface based on dose rates from Paranicas et al. (2002) . Recent experiments using lowtemperature plasmas have demonstrated the ability of oxygen plasmas to completely degrade D. radiodurans and biomolecules into CO 2 , N 2 , and H 2 O Mogul et al., 2003) . However, these experiments also showed that D. radiodurans was not significantly degraded by a plasma of a Martian atmospheric gas analog. These experiments highlight the importance of plasma composition on the reaction rates of microbial degradation. The surface gas composition and ion densities at Europa would suggest that the rate of destruction is not extremely fast. Furthermore, since much of the destruction at the surface of Europa is due to radiation-induced chemistry and not collisional in nature, the reduced reaction rates prevailing at cryogenic temperatures cannot be neglected.
In the absence of detailed studies concerning radiolysis of biological material at cryogenic temperatures, some preliminary calculations may be made based on other available information. McCord et al. (2001) have suggested that the resistance of various compounds to destruction by radiolysis may be estimated based upon the strengths of the various molecular bonds within the compounds. They reason that because the hydrogen bonds associated with the waters of hydration in many of the hydrated salts are of equal or greater strength than those in water ice (Eisenberg and Kauzman, 1969; Novak, 1974) , the hydrated salts should be at least as stable as water ice at the surface of Europa. To support this argument they also point out that the energies of the water infrared absorption features are similar. Following this line of reasoning, one may consider the strengths of the amide bonds that give rise to the 2.05-and 2.17-mm absorption features. First, for comparison, the 2.0-mm water feature itself is a combination of the n 2 H-O-H symmetric bending and the n 3 H-O-H asymmetric stretching modes. These involve the O-H bonds, which have bond energies of ,494 kJ/mol (Table 3 ). The 2.05-mm amide feature is also a combination band, comprising the n N -H fundamental in concert with a C-N-H bending mode (see Fig. 3 ), while the 2.17-mm amide feature combines the n N -H fundamental with a C-N stretching mode (Colthup et al., 1990; Gaffey et al., 1993) . The bonds within the peptide linkage of Fig. 3 and their energies are given in Table 3 . Examination of Table 3 illustrates that the bonds responsible for the amide features are all at least two orders of magnitude stronger than the hydrogen bonds of water ice and hydrates, and closer in strength to the covalent O-H bonds of the water molecule. This suggests the possibility that, at low temperature, the amide bonds may be resistant to destruction by radiation-induced chemistry, enough so to survive to the current epoch, and possibly even more so than the hydrated salts as discussed in McCord et al. (2001) .
The suggestion that radiation resistance of a compound can be estimated from molecular bond strengths rests upon a number of assumptions, and does not take into account the fact that radiolytic reactions involve electronic excitations of many electron-volts, which can induce dissociation from excited states. A deeper understanding of stability issues can be gained from examination of the underlying mechanisms. The radiolytic destruction of most solutes in dilute aqueous solutions occurs primarily through the diffusion and attack of hydroxyl radicals and solvated electrons, which are produced by the radiolysis of water. This is due to the fact that the solvent (water) is in a much higher concentration than the solute of interest (Garrison, 1968; Kminek and Bada, 2001 ). The cold temperatures and non-liquid state of the Europan ice crust would limit the diffusion of chemically reactive species produced through radiolysis and therefore increase the apparent lifetime of the biomarker. Radiolysis studies on formamide (HCONH 2 ) have demonstrated that G values (yield per 100 eV of deposited energy) for all products are ,1, and that the amide bond is actually retained in some of these radiolysis products (Matsumoto et al., 1970) . Investigations of peptides and proteins show that radiolysis of peptides also results in retention of the amide bond, along with formation of NH 3 , CO 2 , H 2 O 2 , keto acids, and aldehydes (Garrison, 1987) . The respective G values for these products are dependent on temperature, radiation dose, O 2 concentration, and the availability of radical scavengers. Several of these variables are not yet constrained well enough to calculate amide lifetimes at Europa based on existing laboratory studies. Qualitatively, however, it is apparent from chemical models and laboratory studies that the lifetime of the amide bond may be much higher than those of the C-H and hydration bonds, particularly at low temperatures (Matsumoto et al., 1970) . The approximate lifetimes and G values need to be measured under conditions that duplicate the temperature, density, and radiation dose at Europa, and will be the subject of future studies. The outcome of such studies may address a fascinating consideration: If the detritus of radiation-processed microbes retains both hydrate and amide features, then this could be a powerful biomarker to be utilized in the search for life on Europa and other icy satellites. If, however, the amide bonds are easily destroyed by radiation, then the resulting detritus may provide an even better spectral match to the Galileo observations than any other candidate material considered thus far.
Whatever their ultimate nature, radiolysis products and implanted species are gradually incorporated into the surface. Cratering rates and estimates of impact gardening suggest that the uppermost 1.3 m of the surface can be overturned and well mixed on a geological resurfacing timescale of approximately 10 Ma (Zahnle et al., 1998; Chyba, 2000; Cooper et al., 2001) . Biogenic elements delivered by comet impacts may have been mixed all the way down into the ocean over the age of the Solar System, providing enough raw material to produce microorganism densities as high as 5 3 10 3 cells/cm 3 (Whitman et al., 1998; Pierazzo and Chyba, 2002) . This calculation as- Cottrell (1958) , Pauling (1960) , March (1968) , Eisenberg and Kauzman (1969) , Darwent (1970) , Novak (1974) , and Joesten and Schaad (1974) .
sumes a global average, and neglects mechanisms for concentrating either raw materials or living systems. Convective overturn, circulation patterns, diapirism, rifting, and lithospheric brine mobilization caused by subsurface heating are all mechanisms that may contribute to the concentration of biogenic elements or even biological material both within the icy crust and in the interior ocean (Spaun et al., 1998; Head and Pappalardo, 1999; McKinnon, 1999; McKinnon and Shock, 2002; Prockter et al., 2002) . It is likely that some process would be necessary to concentrate life-sustaining materials in order to support life within the ocean; determining the nature and viability of such mechanisms is beyond the scope of this paper.
There may be other substances present in the surface that could account for the observed spectral signature. As mentioned earlier, there are a plethora of hydrated compounds whose spectra have not been measured in the laboratory for comparison with the icy satellites. This is a consequence of the relative infancy of the field of planetary remote sensing, and of the difficulty inherent in reproducing the relevant temperature and pressure conditions. Given the radiation environment at Europa it is reasonable to ask what sorts of compounds might be expected at the surface, as a result of chemistry involving either exogenically derived or endogenic species. Irradiation of sulfur compounds may play a role in producing some of the observed spectral shifts, and polymeric sulfur rings and chains (S 8 , S x ) have been suggested as possible coloring agents (Nash and Fanale, 1977; Carlson et al., 1999b Carlson et al., , 2002 . The 2.05-and 2.17-mm amide bonds do not of necessity imply viable microorganisms at the surface: These signals may also arise from formamide or simple dipeptides. Chyba (1999, 2002) have considered the potential for amino acids to be delivered to Europa by comets, and concluded that impact survival of such complex molecules is likely to be negligible. The apparent correlation, however, of the amide absorption features with disrupted terrain is of interest since it indicates that while radiation processing may play a role, there is certainly endogenic material associated with the observed surface features. There is also the possibility of a mineral or similar substance that could explain the observed spectral features. Some OH-bearing minerals such as phyllosilicates and various hydroxides exhibit spectral absorptions near 2.2 mm (Hunt et al., 1973) , which could explain the spectral behavior in the NIMS observations shown in Figs. 6, 8, and 10. The apparent structure at 2.18 and 2.21 mm in the NIMS spectra could be due to a number of materials that could obscure potential evidence of amide absorptions in this range. Alunite [KAl 3 (SO 4 ) 2 (OH) 6 ], for example, has a combination feature at 2.17 mm caused by the fundamental O-H stretch together with an Al-O-H bend (Hunt et al., 1971) . Several alteration minerals formed in the presence of sulfur compounds under terrestrial conditions are known to have absorption features between 2.16 and 2.23 mm arising from this combination. Similarly, Mg-O-H-bearing minerals sometimes exhibit features at 2.1, 2.2, and/or 2.3 mm (Hunt and Ashley, 1979; Gaffey et al., 1993) . It is possible that some other oxide or hydroxides on Europa could give rise to the 2.05-and 2.17-mm features. Damage from irradiation may further complicate the picture, inducing wavelength shifts in absorption positions. Whatever alternative compounds may come under consideration, it must be remembered that to explain the observations, the surface materials must exhibit both amide features as well as water of hydration.
Implications of survival
The survival of cultures exposed to low temperatures, and the survival of biological material exposed to particle bombardment, both have farreaching significance. Microbiologists may not be surprised to read of the results of our survival experiments, but the context is slightly different here. The results described above clearly demonstrate that terrestrial bacteria and Archaea are capable of surviving exposure to the conditions of temperature and pressure prevalent at the surface of Europa and in the near-surface environment, with no special preparation. They do not need to be particularly hardy organisms, or even extremophiles, to do this. Furthermore, our results demonstrate that at least some terrestrial microorganisms can survive the cold and vacuum of deep interstellar space. Thus, the only remaining obstacle to panspermia is radiation. Microbes ensconced within crevices and fractures deep inside silicate or icy celestial objects will be well protected against ultraviolet and charged particle irradiation; only high-energy particles will pose a significant threat. Figure 11 illustrates the near-infrared spectra of D. radiodurans at 200, 120, and 20 K. As with other heavily hydrated species such as epsomite (cf. Dalton and Clark, 1998; McCord et al., 1998 McCord et al., , 2002 Dalton, 2000) , there is little change in the water absorption features below 200 K. This fact may simplify the search for life and other organic material beyond the Solar System (Des Marais et al., 2002; Pendleton and Allamandola, 2002) because only liquid and frozen organisms may need to be considered. The search for evidence of life beyond the Solar System will not be limited to planets at Earth-like temperatures, and so these measurements will prove useful. Further work will need to be done to ensure that other microorganisms and materials do not exhibit spectral changes at low temperatures. The survival of even the relatively fragile S. shibatae sample has another implication. As pointed out earlier, the Sulfolobus growth medium is made up largely of sulfur compounds already considered to be likely components of the Europan surface and ocean (Table  1) (McCord et al., 1998 (McCord et al., , 2002 Carlson et al., 1999b Carlson et al., , 2002 Kargel et al., 2000; Dalton, 2000) . Even if life is not found at Europa, it is possible that terrestrial organisms could be used to seed life there. The ethical considerations of such activity are profound, and naturally beyond the scope of this investigation. However, the results presented here demonstrate that such concepts must be considered carefully, in light of the potential for accidental contamination of a possibly pristine world with terrestrial microbes.
While it is highly unlikely that extant organisms might be found at the surface of Europa, two other possibilities remain. One is that the radiolytically processed detritus of endogenic microorganisms emplaced at the surface may still be available for study. As shown above, such detritus may contain hydrated compounds, amino acids, amides, and other products of radiationdriven organic chemistry. The reasonable assumption that Europan organisms might at least partially base their metabolisms upon abundant sulfur compounds suggests in turn that radiolytically processed sulfur compounds derived from living material could exist at the surface.
The other remaining possibility is that viable organisms could persist trapped in the ice. Based on the resurfacing scenario presented above, if the upper 1.3 m has been sufficiently processed to render it sterile, then an astrobiological explorer would need to excavate to at least 2 m, or possibly 5 m depth, in order to find organisms that, while subject to extreme cold, have not been exposed to radiation in the geologically recent past. Furthermore, given the ongoing removal of surface material by sputtering and micrometeorite impact processes, relatively fresh material may be exposed over geologic time. Lag deposits left behind as more volatile molecules migrate to colder surface areas could be expected to accu- mulate in the darker (and consequently warmer) disrupted regions. Near-surface material that has not been subjected to the full surface exposure flux may retain greater complements of biologically derived material. Noting the band depth of the 2.05-mm absorption feature in the cryogenic S. shibatae samples to have been around 6.88% of continuum reflectance (Table 2) , and the absorption band depth in the 72-NIMSEL observation to be ,2.64%, a simple linear scaling may be used to calculate a rough upper limit on surface abundances. Based on the determination that our centrifuged samples had cell densities of around 5 3 10 8 cells/cm 3 , the cell density of entrained microorganisms at Europa would be about 2 3 10 8 cells/cm 3 , or 200 million cells/ml. This corresponds to about 0.2 mg/cm 3 of carbonaceous material. Based on our survival rates, we calculate that within 5 m of the surface, in dark, disrupted terrain, there could conceivably be as many as 4 3 10 22 viable cells/cm 3 , if the cells were as fragile as the S. shibatae. If, on the other hand, the emplaced cells were as hardy as the D. radiodurans, it may be possible to find as many as 1.4 3 10 8 viable cells/cm 3 within 2-5 m of the surface in dark deposits. If microbes were emplaced at concentrations of 10 6 cells/cm 3 , which is typical for terrestrial saline lakes, there could still be from 1 cell per 4.6 l of ice to 50,000 cells/cm 3 still viable. Even if microbes were emplaced at a concentration of 5 3 10 3 cells/cm 3 (Pierazzo and Chyba, 2002) , this could still provide as many as 3.5 3 10 3 viable cells/cm 3 if they are as tough as D. radiodurans. If, however, they are fragile, this could leave as few as 1 viable cell in 10 6 cm 3 , which could be difficult to search for. It is important to bear in mind though that all it takes is one living cell. Though these calculated values are of necessity highly speculative, they provide a valuable starting place for discussion of strategies for the search for life on Europa.
Future work
The results presented here suggest several areas in which further work is needed. The survival of both biota and biotic materials subjected to particle fluxes at energies, temperatures, and pressures relevant to Europa will be needed to answer a number of questions. The survival of the amide bonds is of particular interest: Should the amide bonds survive exposure to the Europan radiation environment, then they will provide a powerful biosignature that can be exploited in the evaluation of astrobiological potential at Europa. On the other hand, if the amide bonds are destroyed, the spectrum of the resulting material should give a compelling spectral match to the observations of reddish, disrupted terrains. This has profound implications.
The nature of other compounds produced by such radiolysis is also of importance. Analysis of this material could provide insights into the structure of whatever the actual surface material is on Europa, based on spectral similarities. The family of hydrates and hydrated salts in particular remains largely unexamined under controlled laboratory conditions that simulate the Europan environment. It may be possible for not only inorganic species but also biomolecules or compounds of a prebiotic nature to form hydrates even when frozen, perhaps under the influence of ionizing radiation. A great deal of work still needs to be done to assess the potential of various candidate materials to explain the observations.
A comprehensive search of the Galileo NIMS observations may yet turn up more evidence of narrow absorption features that have hitherto gone unnoticed. Analysis of the Galileo measurements has been hampered by the high radiation noise present in the Europa flyby data and the associated difficulties in interpreting the significance of small features, compounded by the lack of relevant laboratory measurements. Progress on both fronts could yield new insights.
Finally, future work should include plans for a return to Europa, possibly with new spectrometers having capabilities that can address the questions raised by the NIMS data. An orbiting imaging spectrometer having 2-to 5-nm sampling and bandpass, with a spatial resolution up to 100 m, should be capable of acquiring spectra of dark, homogeneous surface units with sufficient signal to unequivocally identify narrow spectral features such as those common to biological materials. A landed mission, capable of penetrating between 2 to 5 m (if not all the way to the interior ocean) could collect samples and perform in situ analyses, which would definitively answer many questions about the surface composition. While not a certainty, there is also the possibility that it may be able to return evidence for biological activity in the subsurface of this enigmatic world.
CONCLUSION
The comparison between observations of Europa from the Galileo NIMS instrument and laboratory measurements of microbe samples under temperature and pressure conditions relevant to the Europan surface provides unique constraints on possible evidence for extraterrestrial life. Infrared absorption features due to water of hydration and amide bonds within cellular structures may be useful as biosignatures in searches for past or present biota and biotic materials. Examination of the Galileo NIMS observations suggested tantalizing glimpses of this biosignature; however, within the constraints of spectral resolution and signal-to-noise, these NIMS observations cannot be considered definitive evidence for either extant or extinct life on Europa. However, the possibility of such evidence cannot be ruled out on the basis of available information, either. The data do suggest that recoverable samples of biological material and even viable organisms, if present in these locations, could persist within a few meters of the surface. Additional laboratory work at relevant Europan temperature and pressure conditions, particularly on exposure of biological material to particle bombardment and spectral analysis of other candidate surface materials, will be needed to address these questions. Further analysis of the available NIMS data may yield additional insights. An orbiter with an advanced imaging spectrometer should be able to resolve the narrow spectral features diagnostic of biological materials, while a landed mission capable of excavating several meters may be able to sample material that has not been substantially altered by radiation, and thus derive new knowledge of endogenic processes and their relationship to possible biological activity. Future spacecraft mission designs should take these results into consideration in order to optimize their capability to assess the astrobiological potential of this icy world.
